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SUMMARY

The effects of primmy and runback icing and frost formations on the
drag of an 8-foot-chord NACA 651-212 airfoil section were investigated

over a range of angles of attack from 2° to 8° and airspeeds up to
260 miles per hour for icing conditions with liquid-water contents rang-
ing from 0.25 to 1.4 grams per ctiic meter and datum air temperatures of
-30° to 30° F.

The results showed that glaze-ice formations, either primary or run-
+.

back, on the upper surface near the leading edge of the airfiol caused
B large and rapid increases in drag, especially at datum air temperatures

approaching 32° F and in the presence of high rates of water catch. Ice
●

formations at lower temperatures (rime ice) did not appreciably increase
the drag coefficient over the initial (standsrd roughness) drag coeffi-
cient. Cyclic de-icing of the primary ice formations on the airtoil
leading-edge section permitted the drag coefficient to retun almost to
the bare airfoil drag value. Runback icing on the lower surface did not
present a serious drag problem except when heavy spanwise ridges of run-
back ice occurred aft of the beatable srea. Frost formations caused
rapid and large increases in drag with incipient stalling of the airfoil.

INTRODUCTION

One of the most important problems associated with aircraft icing
is the effect of various-shaped ice fom”ations on the performance of the
aircraft, specifically the effects of ice and frost formations on lift
and drag characteristics of airfoils. Establishment of these effects
will help determine (1) the design requirements of icing-protection
systems currently being developed and (2) the necessity for means of
preventing the accumulation of frost on aircraft surfaces prior to and
during take-off.

. A study of the icing-protectionrequirements for high-speed, high-
altitude, turbojet-powered aircraft (ref. 1) indicates that continuous
heating systems for airfoils, designed to evaporate all the impinging.
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water for selected meteorological icing conditions, will result in pro-
%

hibitive loads on the available heat sources and large deterioration of
aircraft performance. As a means for reducing these high heat loads, p
cyclic de-icing systems (refs. 2 and 3) have been proposed. cyclic
de-icing systems, however, are subject to runback icing on the surfaces
aft of the heated areas (due to meltiug of some ice during the heating
period) and considerable leading-edge icing during the heat-off period.
The effects of ice formations on airfoil characteristics were insuffi-
ciently established to permit an evaluation in reference 1 of the reduc-
tion in aerodynamic performance of aircraft equipped with cyclic de-icing 2
systems.

An evaluation of the effect of runback ice formations on airfoil
characteristics is also of interest for continuous heating systems. In
general, a continuous heating system is designed to evaporate the
impinging water for a particular icing condition; and if a more severe
icihg condition is encountered, some water will not be evaporated, with
a consequent formation of runback icing. Furthermore, it is pointed out
in reference 1 that a considerable saving in heat can be accomplished
,fora continuous heating system if some runback icing can be tolerated

, for a selected design meteorological icing condition.
.

It .isof interest,
therefore, to ascertain whether the drag resulting from runback icing is
more detrimental to performance than is the propulsion penalty incurred
by supplying the additional heat necessaryto evaporate all the imping-

●

ing water.

The problem of frost formations on aircraft is also of increasing
importance in cold climates. These aircraft sre subject to heavy ground
frost formations over most of the exposed surfaces; and, if they are pro-
vided with a conventional wing anti-icing system, removal of frost is
generally limited to the heatable areas which extend usually from the
zero chord point to less than 20 percent of chord. The seriousness of
the problem must be established in order that the necessity for removing
all or part of such frost formations before take-off be understood.

In previous experimental studies, particularly those reported in
reference 4, the effect of protuberances on airfoil characteristicswas
investigated; however, these studies used spoilers mounted perpendicu-
larly to the airfoil surface or smoothly faired protuberances rather
than the irregular and rough surfaces associated with ice formations.
An effort was made in reference 5 to simulate-ice formations by means of
tar, slag, and asphalt. These formations did not truly represent
natural ice formations, although the aerodynamic characteristics exhibited
by the airfoil used in this study gave an indication of the serious aero- .
dynamic problems caused by ice formations.

The NACA Lewis laboratory is investigating experimentauy the effect .

of these frost and ice formations on airfoil drag characteristics.
Studies have been conducted to relate size, shape, and type of various
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frost and ice formations to changes in the drag of an airfoil section.
These studies include investigations with an airfoil having its leadX-
edge section unheated, continuously heated, and cyclically heated for
de-icing. In addition, the portion of the airfoil aft of 12 _percentof
chord has been heated continuously and also .Unhes,tedto determine the
effect on airfoil drag of frost formations on this portion of the wing.
The change in airfoil drag as a function of duration iu Icing for various
icing conditions was also investigated.

The results presented herein were obtained with an.8-foot-chord NACA
651-212 airfoil model employing a hot-gas icing-protection system

(ref. 2). The airfoil study was conducted over t~e following raage of
icing and operating conditions:

Angleofattack, deg . . . . . . . . . . . . . . . . . . . 2toa’
Airspeed, mph.. . . . . . . . . . . . . . . . . . . . . . 100 to 260
Liquid-water content, g cu m . . . . . . . . . . . . . . . 0.25 to 1.4/
Datumair temperature, ~ . . . . . . . . . . . . . . . . . -30 to 30
Mean effective droplet size, microns . . . . . . . . . . . 10 to 16

APPARATUS AND 13WYTRUMENT!ATION

The model used in this study (and that of ref. 2) is an NACA
651-212 airfoil section of 8-foot chord spanning the 6-foot height of

the Lewis icing resesrch tunnel. The airfoil leading-edge section, con-
sisting of three spanwise segments, may be gas-heated by meane of chord-
wise passages to 12 percent of chord. The center segment is-3 feet in
spsm, and the top and bottom segments are 1.5 feet each in span (fig. 1).
All se@nents were capable of being heated independently for cyclic ice
removal or collectively for continuous heating. For the cyclic de-icing
studies a continuously heated spanwise psrting strip was used near the
zero chord line (ref. 2).

Aft of 12 percent of chord the model was divided into four conrpart-
ments (fig. 1), each capable of being individually heatedby beans of
steam. The inside of each compartment was lined with l/16-inch-thick
neoprene to reduce the surface temperature, which otherwise might have
resulted in sufficient heat transfer to the airfoil wake to affect the
drag measurements. In order to prevent steam leakage into the wake,
these compartments (hereinafter designated afterbody) were operated under
a slight vacuum.

As an aid in estimating the chordwise extent of ice and frost forma-
tions, l/2-inch squeres, spaced 1/2 inch apart, were painted on the air-
foil surfaces.
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A pressure rake located 1/4 chord behind the trailing edge of the
airfoil (fig. 1) was used to measure the airfoil drag. The rake con-
sisted of 71 electrically heated total-pressure tubes and 9 static-
pressure tubes. All the tubes were spaced on l/4-inch centers. The
supports for the rake were air-heated for icing protection.

drag

EXPERIMENTAL CONDITIONS AND TECHNIQUES

For convenience in evaluating the effect of ice formations on the
of an airfoil, the following modes of heating were employed:

Leading-edge section

Unheated

Continuously heated

Intermittently heated

~

Afterbody Desired drag information

Heated I Effect of ice formation I
Unheated Combined effect of frost

and runback ice
deposits.

Heated IEffect of runback icing I

Unheated Conibinedeffect of frost
and ice deposits

Heated Effect of primary ice
deposits and runback
icing

For studies requiring heating of the leading-edge section, the
results of reference 2 establishing the heating quantities necesssry for
adequate icing protection at selected meteorological icing conditions
were used in the initial test conditions. Changes in these quantities
were then made, as required, in order to obtain specifically desired
types or formations of ice on the airfoil surfaces. In general, the
rearward three steam-heated compartments were heated as a unit, and run-
back icing was allowed to form only on the first compartmentbehind the
leading-edge section. For studies in which the leading-edge section was
unheated and the af%erbody steam-heated, all four compartments were
heated together. The range of conditions covered in these studies was
as follows: airspeed, 180 and 260 miles per hour; water content,
0.25 to 1.4 grsms per cubic meter; and datum air temperature, 0° to
30° F.

.

*-

.,

.

r
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. The angles of attack included in the investigation were 2°, 5°, and
8°. In addition, ice formations were allowed to build up on the leading
edge at a low angle of attack (2° or 5°) for a period of about 4 min-..->
utes and the angle the~ changed to 8°. This procedure permitted a
measurement of the drag produced by icing that might be encountered with
a cyclic de-icing system during the heat-off period in an airplane let-
ting down through an icing cloud and then flaring out for a landing
approach.

Similsr studies were made with the leading-edge section contin-
uously heated but with some runback icing permitted to form on the air-
foil surfaces aft of the heated leading-edge section to determine the
effect of runback icing.

Datum air temperature was defined and determined as the average sur-
face temperature of the unheated airfoil leading-edge section. In icing
conditions, the datum temperature was determined from thermoco~les that
were shielded from or not subject to the fusion of impinged water. For
the range of conditions investigated, little difference between dat~
and total air temperature was found. The icing

. mined from a previous calibration of the tunnel
with a pressure-t~e icing-rate meter (ref. 6).
droplet size in these studies ranged from 10 to.
from a dye-tracer technique.

BecauEe the tunnel airspeed was limited to

conditions were deter-
and periodically checked
The mean effective
16 microns as determined

260 miles per hour, rates
of icing and ice formations associated with higher speeds were obtained
by increasing the liquid-water contents considerably above generally
accepted valves for natural icing clouds with the air temperatures used
in the studies. In the absence of exact knowledge on droplet-impingement
characteristics of the test airfoil, the data are discussed in general
terms of water catch, defined in this investigation as a function only
of liquid-water content and airspeed, rather than the more complex func-
tion requiring airfoil collection efficiency based on droplet size. By
this means, the size of the ice formations obtained at airspeeds used in
this investigation and at high liquid-water contents may be assumed to
be approximately representative of ice formations at twice the airspeed
and half the liquid-water content.

.

For studies of the effect of afterbody frost formations on the drag
of the airfoil, no heat was furnished to the afterbody. Frost formed on
the afterbody because of air-stream turbulence and the supersaturated
condition of the tunnel air. The studies with frost on the afterbody
only were made over the ssme range of conditions as the icing studies.
For studies in which the leading-edge section as well as the afterbody
was coated with a frost formation, the tunnel air was refrigerated to
-30° F, after which refrigeration was turned off and the ventilating
doors of the tunnel were opened to permit warm moist air to pass over
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the cold model. Moisture condensing on the model from this warmer air
soon covered the model with a fine coat of frost. Drag measurements with
the pressure rake were made throughout the test. The frost studies with
a fully frosted airfoil were made at an angle of attack of 8° and at a
speed of about 100 miles per hour, simulating take-off conditions.

Throughout the investigations, photographs of ice and frost forma-
tions were taken to correlate the size and shape of these formtions
with the changes in drag as determined with the pressure rake.

REK3ECLTSAND DISCUSSION

Evaluation of the data obtained in this study of the effect of
various icing formations is -presentedin terms of the general increase
in drag with duration in icing as well as with specific ice formations
permitted to form at particular locations on the airfoil. After presen-
tation of the drag data obtained in the investigation, a brief discussion
of the significance of the results is presented.

The investigation of the airfoil drag studies reported herein is
divided into two primary categories. The first category is concerned
with the increase in drag caused by ice formations associated with var-
ious modes of supplying heat to the leadi~-edge section; and the second,
with an evaluation of the effect on airfoil drag of frost formations
with and without accompanying ice formations. Tunnel wall interference
effects were not evaluated.

Three general types of leading-edge ice formations were investigated
(fig. 2). The first, a rime-ice formation (fig. 2(a)), was associated
with a datum air temperature of 0° F and was essentially independent of
liquid-water content. These ice formations conformed closely to the air-
foil contour and faired generally forward into the air stream. The
second type, a glaze-ice formation (fig. 2(b)), was obtained with a datum
air temperature of approximately 250 F and relatively low rates of water
catch. These ice formations generally built outward at an angle to the
air stream, but the prhary ice formation was still somewhat faired into
the airfoil contour and did not penetrate excessively into the flow field
near the stagnation region. The final type, a rough, angular, glaze-ice
formation (fig. 2(c)), was obtained at datum air temperatures of about
30° F at moderate rates of water catch and at air temperatures down to
25° F with high rates of water catch. This @aze ice, especially nesr
the stagnation region, formed a double-peaked mushroom shape. The growth
of the ice formation was approximately normal to the airfoil surface,
with the peaks jutting abruptly into the flow field and causing a flow
disturbance, especially at high angles of attack. These glaze-ice for-
mations may be associated with combinations of flight speed, liquid-
water content, and ambient-air temperature; consequently, they can occur
at low altitude under conditions of low airspeed in icing clouds of high

.

.

,
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mbient-air temperature, or at high altitudes under conditions of high
speed and low ambient-air temperature. In the latter case, the release
of the heat of fusion and the aerodynamic heating of the airfoil surfaces
combine to promote the formation of glaze ice.

A brief study of the effect of a water film at above-freezing tem-
peratures on airfoil.drag characteristics was also conducted. The water-
film effect on drag at low angles of attack was negligible. At high
singlesof attack (8°) an increase of as much as 15 percent in the drag
coefficient was obtained with a high rate of water catch. This value
was, however, within the range of drag change caused by normal roughen-
ing of the airfoil surfaces by foreign particles in the tunnel air
stream.

Effect of Ice Formations on Airfoil Drag

Leading-edge section unheated. - The drag measurements indicated
that when ice was permitted to collect on an unheated airfoil model at
a low rate of water catch only small increases in drag occurred during
an icing period of 30 minutes (fig. 3). The drag coefficient increased
by about 6 percent during the initial 3 minutes of icing, and thereafter
a more gradual increase in drag occurred. The primary ice formations
blended smoothly into the flow field about the airfoil, and disruptions
in the boundary layer that cause large drag increases were avoided. The
feather<t~e ice formations pointing forwsrd into the air stream behind
the f~st 3 inches of primary icing on the leading-edge section were
sufficiently streamlined and faired into the general flow field (see
also figs. 2(a) and (b)) to avoid any excessive contributions to an
increase in drag. The largest increases in drag coefficient with time
occurred at an singleof attack of 5°. The maximum increase, 0.00375 or
40_perce@, occurred at a 5° angle of attack and a datum air temperature
of 25° F after 20 minutes of icing; however, psrt of this ice formation
subsequently broke off with a remltant decrease in drag coefficient.
For all the icing conditions illustrated in figure 3, the increase in
drag coefficient following a 30-minute icing period was less than 27 per-
cent. In conjunction with the drag values shown in figure 3, a sequence
of photo~aphs showing the pro~essive build-up of ice formations at a
datum air temperature of 0° F together with corresponding drag coeffi-
cients is shown in figures 4, 5, and 6 for angles of attack of 2°, 5°,
and 8°, respectively. A similsl sequence of photographs taken for an
icing condition at a datum air temperature of 25° F is shown in fig-
ures 7 and 8 for angles of attack of 5° and 8°, respectively.

The effect on drag of mushroom-t~e..~fcmnat ions associated with
icing at datum air tempera~the freezing point, discussed in
conjunction with figure 2(c), is illustrated in figure 9. At an angle
of attack of 8° the protrusion of the leading-edge ice formation into
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the flow field caused an increase in drag coefficient from 0.0128 to
0@22 afte$ 28 minutes. This increase in drag was accompanied by a
shift in the momentum wake toward the upper surface, which indicated a
possible loss in lift. Subsequent blow-off of a Tortion of the upper-
surface ice formation (fig. 9(b)) resulted in a sharp decrease in drag
coefficient to 0.0153. It is appsrent, therefore, that the ice forma-
tions on the upper surface near the leading edge of an airfoil have the
greatest effect on drag. The shift of the momentum wake back in the
direction of the lower surface as the ice blew off indicated that the
upper-surface leading-edge ice formation was also responsible for the
apparent changes in lift.

Another example of a mushroom-type ice formation on the airfoil
leading edge is shown in figure 9(c) for a 5° angle of attack. The mag-
nitude of the drag-coefficient increase is comparable to that obtained
at an 8° angle of attack; however, no particular shift in momentum wake
indicative of a loss in lift was observed.

Leading-edge section continuously heated. - The data presented in
this section are particularly applicable to anti-icing systems that do
not evaporate all the impinging water, but allow runback icing (fig. 10).
Such runback icing may be encountered when an anti-icing system is
thermally submarginal for the icing condition encountered. On the basis
of the heating rates established for continuously heating the leading-

.

edge section in reference 7, the heating rates used herein were about
28 to 45 percent of those necessary for total evaporation of the imping-
ing water. The percentage Of the total amount of water impinging on the
airfoil that was evaporated by the heating rates given in figure 10 would
be approximately of the same magnitude (ref. 1).

—

The drag-coefficient changes caused by such runback icing are pri-
marily functions of the rate of water catch, heating rate, and datum air
temperature. All three factors contribute to the size, location, and
shape of the runback ice formations and consequently to the drag of the
airfoil. From the drag-coefficient changes shown in figure 10, the drag
appesrs to increase more rapidly with time in icing at a high datum air
temperature than at a low datum air temperature, as a result of the
bulkier and generally rougher ice usually associated with high datum air
temperatures.

The increase in drag coefficient at a 2° angle of attack with time
in an icing condition is shown in figure 10 with the corresponding photo-
graphs of the runback icing shown in figure I_l. The data shown are for
a high rate of water catch at a datum air temperature of 0° F. The drag
coefficient increased 29 percent in 20 minutes of icing with most of the
runback ice formation located near 13 percent of chord. Some small run-
back icing streakG on the upTer surface may be observed at about 8 per-
cent of chord in figure n(d), with two V-shaped formations just above
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the center of the airfoil span. Although the datum air temperature was
low in this study, the runback icing was of a glaze-type ice structure,
with rime-ice deposits occurring only as the result of direct droplet
impingement on the residual runback icing. On the lower surface the
runback icing extended from about 13 to 20 percent of chord (figs. l.l(a)
and (C)). The runback formations on the upper surface were generally
shorter than those on the lower surface. After 20 minutes of icing at
a 2° singleof attack, the angle was changed to 8° to simulate a landing-
approach condition with the ice-shown in figure n(d) still on the air-
foil. Only a small increase in drag coefficient over the @re airfoil
drag at the 8° angle of attack was observed that couldbe attributed to
these runback ice formations (fig. 10).

At a 5° angle of attack an increase in drag coefficient of approxi-

mately 39 percent was obtained in l% minutes of icing (fig. 10) with a

relatively low rate of waker catch and a datum air temperature of 25° F.
Photo~aphs of the runback ice formations associated with this drag
increase are shown in figure 12. A spanwise ice ridge accumulated on
the lower surface at a~~roximately 13 percent of chord, while a series
of runback patches formed on the upper surface. The formation on the
lower surface was not causedby runback icing alone, but also by direct
water impingement as the ice formation began to protrude into the air
stream. A comparison of figures 12(a) and 12(c) shows that, on the upper
surface, only the runback ice formations nesr the leading edge show an
appreciable increase in size in 8 minutes of icing; the increase in drag
coefficient is apparently caused primsrily by the spanwise ridge-ice
formation on the lower surface. At a datum temperature of 0° F with low
rates of water catch, the drag coefficient at an angle of attack of 5°
did not change appreciably with time in icing (fig. 10). For these
conditiom, the airfoil drag coefficients with submarginal heating of
the leading-edge section are nearly the same as those for comparable
conditions with no leading-edge heating.

At an 8° angle of attack the physical dimensions and locations of
runback icing have a pronounced effect on the drag coefficient (fig. 10).
As the heating rate is decreased or as the rate of water catch is
increased, the drag coefficient increases correspondingly. The effect
on &rag coefficient of a reduction in heat supply of 23 percent from
5850 Btu/(hr)(ft span) to the leading-edge section for a given icing
condition is shown in figure 10 for an 80 angle of attack and a datum
air temperature of 25° F. At the reduced heating rate of
4500 Btu/(hr)(ft span), a 10-percent increase in drag occurred in the
initial 2 minutes of icing; theretiter the drag coefficient increased at
approximately the ssme rate as with the higher heat flow. The use of a
lower heating rate caused a forwsrd movement of runback ice formations
as well as slightly larger ice formations because of the evaporation of
less water in the heated srea.
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For the runback ice formation shown in figures 13(a) and (b) the
1

coefficient was increased only 12 percent after l+ minutes of

icing. From the appe~ance and location of the icing, it is seen that
most of this increase in drag was caused by the lower-surface icing.

.
After an additional 6~minutes of icing (fig. 13(c)) the drag coefficient

had not increased appreciably, primarily because the spanwise ice ridge
shed intermittently in small chunks and thereby prevented
increase in the total mount of runback ice accumulation.

A photograph of a heavy runback ice formation on the
near the airfoil leading edge at an 8° angle of attack is
ure 14(a). The accompanying spanwise ice ridge caused by
on the lower surface is shown in figure 14(b}. These ice

a large

upper surface
shown in fig-
runback icing
formations

occurred at a datum air temperature of 25° F and a relatively low
liquid-water content for 22 minutes of icing, after which a high
liquid-water content was obtained for 7 more minutes. The &rag coef-
ficient of 0.0217 is 67 percent higher than the bare airfoil drag
value and was accompanied by a pronounced shift in the momentum wake,
which indicated incipient stalling of the airfoil. Removal of the
patches of runback icing on the upper surface to a distance about
12 percent of chord behind the leading edge

[

fig. 14(c)) resulted in a
reduction of the drag coefficient to 0.0175 35 percent above bare air-
foil drag), althougl the lower-surface ice ridge was substantially
unchanged. The majority of this remaining drag can prcbably be attri-
buted to the ridge of runback icing on the lower surface, as was indi-
cated for figure 13.

Leading-edge section cyclically de-iced. - For a cyclically de-iced
leading-edge section, the change in drag coefficient causedby leading-
edge icing during the heat-off period and runback icing during the heat-
on period is shown in figure 15 as a function of icing time; aIl the
icing conditions shown in figure 15 resulted in the relatively small,
generally streamlined ice formations shown in figures 2(a) and (b). The
curves in figure 15 indicate that only a gradual increase in drag occurs
for icing times up to 50-minutes duration. The drag coefficiWt at all
angles of attack studied increased a maximum of 0.0012 (10 percent)
during a 4-minute heat-off period with a datum air temperature of 25° F.
After the heating period the drag coefficient generally approached
within 5 percent of the initial bsre airfoil drag value. Frantically no
increase in drag was obtained at a datum air temperature of 0° F. At a
datum air temperature of 0° F, permitting the airfoil to ice at a low
angle of attack (2° or 5°) during a 4-minute heat-off period and then
increasing the angle of attack to 8°, to simulate a landing approach,
increased the drag coefficient by approximately 18 percent over the drag
value associated with a 4-minute icing period at the high angle of
attack; however, upon ice removal the drag coefficient nearly approached
the bsre airfoil drag value. An increase in the liquid-water content to

.

.

.
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. obtain a high rate of water catch did not significantly increase the
drag coefficient at a 2° angle of @,ttackand a datum air temperature of
0° F.

r

+
d+
r-
01

.

Photographs illustrating the type and magnitude of typical leading-
edge icing and residual icing following the heating period sre shown in
figures 16 to 19 and apply to the drag data shown in figure 15. Increas-
ing the heat-off period from 4 to 12 minutes with a low rate of water
catch at a datum air temperature of 0° F did not appreciably change the
drag coefficient (fig. 15), slthough the ice formations accumulated in
the longer icing period were considerably larger (fig. 18(c)). The use
of a parting strip with a cyclic de-icing system at low rates of water
catch had no apparent effect on the airfoil drag during the icing period
when compared with an unheated leading-edge section (see figs. 3 and 15).

For conditions that produced mushroom-type glaze-ice formations
(high liquid-water content and high datum air temperature), rapid and
large drag increases were incurred during 4-minute icing periods
(fig. 20). At 2° angle of attack the drag coefficient increased by as
much as 0.0061 (59 percent) during a 4-minute icing period. With an
80-angle-of-attack attitude, the drag coefficient increased by as much
as 0.0089 (68 percent) during the initial 2 minutes of a heat-off period
and as much as 0.0093 (71 percent) for the full 4-minute heat-off period.
At 5° angle of attack, the rate of increase of the drag coefficient with
icing time was not as rapid as at 2° and 8° angles of attack, because
the rate of water catch was lower. The largest percentage of drag
increase during a heat-off period at 5° angle of attack was about 22 per-
cent, except for the initial cycle.

The effect of a gradual increase in residual runback icing with
icing time on drag coefficient is illustrated in figure 21. After
approximately 9 minutes in icing at an angle of attack of 2°, the drag
coefficient before ice removal reached a value of 0.0142 and returned
to 0.00973 titer ice was shed [figs. 21(a) and (b)). After approxhately
23 minutes in icing, the drag coefficient reached a value of 0.0164
before ice removal and returned to a value 0,01_14after removal
(figs. 21(c) and (d)). The cause for the increase with time of the drag
coefficient after ice removal is apparent from the larger ice formations
remaining on the lower surface after 23 minutes in icing. The growth of
these ice formations maybe greatly limited by the use of a secondary
cycling arrangement. With this procedure, the de-icing system is
operated for several cycles so that ruribackice forms on the rear portion
of the heatable srea. Then, on a subsequent cycle, a higher heating rate
or longer heating time is used, which allows the rear surface areas to
heat up more than previously and thereby remove the runback ice.
Although some runback icing will occur on unbeatable areas during the
secondsry cycles, repetition of this heating pattern will greatly
decrease the permanent runback ice formations.
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Additional photographs of typical ice formations obtained on the
airfoil under conditions of high rates of water catch and a datum afr
temperature of approximately 25° F together with the associated drag
coefficients are shown in figures 22 and 23. In most cases, a drag
coefficient on the order of 0.020 at an angle of attack of 8° was
accompanied by a marked shift of the momentum wake behind the airfoil
toward the upper airfoil surface, which indicated a loss in ltit and
approach of stall for the airfoil. These shifts of the wake often
occurred within 90 seconds after the start of a heat-off or icing period.
A study of the drag-coefficient changes associated with the icing photo-
graphs of figure 24 again indicates that the high drag value is caused
by the upper-surfaceic~ at the leading edge. The large residti or
runback ice formations on the lower surface, together with runback on
the upper surface 6 inches behind the leadi~ edge, contribute only an
increase of about 0.0032 (26 percent) to the drag coefficient; whereas
the ice formed at the leading edge dwing the heat-off period contributes
an additional increase to the drag coefficient of about 0.0084 or a total
drag increase of about 96 percent. The shift observed in momentum wake
behind the airfoil was caused by the upper-surface leadi~-edge ice for-
mation. The drag value after several cycles of ice removal showed an
increase over the bare airfoil drag of about the ssme order as runback
icing discussed in the section on continuous heating.

A decrease in the heat flow to the leading-edge section and an
increase in the heati~ time had no appreciable effect on the drag coef-
ficient. The runback icing incurred by changes in cycle timing is
apparently in the same category as runback icing incurred with a con-
tinuously heated system that does not evaporate all the impinging water;
hence, only small increases in drag are obtained.

The drag associated with ice accumulated during a heat-off or icing
period at a datum air temperature of 25? F during three simulated
landing-approachprocedures was studied. The data obtatied are shown in
figure 25. The drag coefficient for approach condition A (see legend in
fig. 25 for conditions) increased from 0.0088 to 0.0393 (347-percent
increase) a8 the angle of attack was changed from 2° to 8°. Following
cyclic operation of the icing-protection system the drag coefficient was
reduced to within 20 percent of the bare air”foildrag coefficient at 8°
angle of attack. At a high rate of water catch (condition B) the drag
coefficient for a simulated approach increased from 0.0123 to 0.0502
(308-percent increase) when the angle of attack was changed from 2° to
8° near the end of a 4-minute icing period. This is an increase of
509 percent over the bare airfoil drag at a 2° angle of attack and
285 percent over the bare airfoil drag at 8° angle of attack. Similarly,
changing the angle of attack from 50 to 8° (condition C) increased the
drag coefficient from 0.0113 to 0.027 (139 percent). Upon removal of
this ice formation during the heating period, the drag coefficient
returned to within 5 percent of the bare airfoil duag at 8° angle of
attack. These large drag increases were caused by the ice formation just

?
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aft of the leading edge on the upper smface of the airfoil and were
accompanied by a stalling characteristic of the airfoil. The nuniberof
cycles at the low angles of attack does not appreciably affect the sharp
rise in drag as the angle of attack is increased to 8°; however, the
residual runback icing ,formedduring cycles at low angles of attack will
determine how closely the drag after an angle-of-attack change to 8° will
approach the bare wing drag at 8° angle of attack following the heat-on
period.

General comnents on effect of icing on airfoil drag. - In general,
the studies showed that primary ice formations incmred near the air
stagnation region on the upper surface of an airfoil at high datum air
or surface temperatures in the presence of a high rate of water catch
cause a severe and often prohibitive increase in drag, especially at
high angles of attack. From the data presented herein it is apparent
that ridges or heavy accretion of runback ice formations on the upper
surface ne~ the zero chord point are detrimental to airfoil aerodynamic
characteristics at high angles of attack. SpanWise ridges of heavy
runback icing on the lower surface may cause appreciable drag increases
at low angles of attack. Chordwise streaks of runback icing away from
the leading edge on–ei-tiersurface of the airfoil do not appew to cause
significant changes in airfoil drag.

A comparison of the effect of runback icing incurred with a contin-
uously heated leading-edge section that does not evaporate all the
impinging water with one that is cyclically de-iced (figs. 10 and 20,
respectively) shows that in a severe icing condition (datum air temper-
ature, 25° F; angle of attack, 8°; airspeed, 260 mph; and a water con-
tent of approximately 1.0 g/cu m) the drag coefficient with continuous
heating increased to a value of 0.018 in 12 minutes, whereas the maximum
value after de-icing with a cyclic system did not exceed O.O16 in
28 minutes. The dope of the drag-coefficient curve for continuous
heating indicates that for a similsx 28-minute icing period the drag
coefficient could have reached a value of about 0.024, an increase in
total drag due to runback icing of 50 percent over the cyclically de-iced
airfoil. For low rates of water catch (figs. 10 and 15), the drag
increases incurred with a continuously heated leading-edge section that
allows some runback icing to occur are about the same as the drag incurred
with runback icing for a cyclically de-iced airfoil.

Glaze-ice formations on the leading-edge section during a simulated
approac~”cause a severe increase in drag coefficient and are accompanied
by a shift in the position of the momentum wake, Which indicates incipi-
ent stalling of the airfoil.
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Effect of Surface Frost on Drag Characteristics

Unpublished NACA data indicate that frost deposits on the surface
of an airfoil afterbody behind the heated leading-edge section have a
great effect on the airfoil drag characteristics. An effort was made to
evaluate this effect quantitatively by applying several grades of sand-
paper to specific areas of the afterbody and to study the effect of this
roughness on airfoil drag values. With both airfoil surfaces covered
symmetrically with fine gade, 120-grit sandpaper aft of 20 percent of
chord, an almost linear rise in drag coefficient as a function of the
airfoil surface covered was noted over a range of angles of attack from
0° to 8°. This increase in drag coefficient amounted to 0.00005 -per
percent of the total surface covered. It was also observed that applying
sandpaper to the lower surface alone contributed only about 25 percent
of the total increase in drag obtained with sandpaper on both upper and’
lower surfaces.

The afterbody frost formations obtained in icing tunnels are
believed to be caused by turbulence of the air stream, which deposits
minute droplets on the surfaces, and by a condition of supersaturation,
which promotes the growth of frost deposits. The initial frost deposit
on an afterbody appears immediately upon starting a spray cloud through
the tunnel and takes the form of a latticework of pinhead size crystal-
line deposits on both upper and lower surfaces of the airfoil
(fig. 26(a)). As the frost formation increases in size with time in the
icing condition, water droplets begin to 3mpinge directly on the frost
pinnacles (fig. 26(b)). The deposition of droplets on the frost pin-
nacles causes small featherlike formations composed of ice and frost
particles to grow forwsrd into the air stream (fig. 26(c)). These
feathers increase in size and may reach a length of several inches and
protrude as much
(fig. 26(d)).

In order to
frost formations
changes obtained

as 1 inch in a

illustrate the
on an airfoil,
in combination

direction normal to the air stream

increase in drag that may occur from
the following sections discuss the drag
with leading-edge icing and several

modes of removing the leading-edge icing while permitting the frost for-
mations to remain on the afterbody swfaces. Such combinations of cir-
cumstance may be encountered in flight during a change from cold to
warmer, more humid icing conditions and in a take-off in cold weather
conditions conducive to frost formations on aircraft surfaces.

Leading-edge section unheated. - The combination of leading-edge
ice formations and frost on the afterbody surfaces causes a rapid and
large increase in airfoil drag (fig. 27) for.icing periods up to 32-

minutes dw”ation. At a 5° angle of attack and approximately equal water-
catch rates, a change in datum air temperature from Oo to 22° F did not

.

.
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materially affect the rate of change in the drag coefficient. For these
conditions the drag coefficient was increased by about 100 percent titer
25 minutes of icing. At am angle of attack of 80 the rate of change of.
the drag coefficient with time in icing was approximately the same as at
a 5° angle of attack. An increase in liquid-water content from 0.53 to
1.4 grams per cubic meter, resulting in a higher total water-catch rate
and an increased frost-deposit rate, increased the rate of change of the

1

drag coefficient, the drag increasing by 100 percent after only 7* min-N

i
utes. The rapid rise in drag for this condition is due in west part to
the heavy glaze mushroom-ice formation on the leading edge (fig. 28).
A sequence of additional photographs illustrating the ice and frost for-
mations that caused the drag changes presented in figure 27 sre shown in
figures 29 and 30. A comparison of figures 6(a) and 6(b) with fig-
ures 30(a) and 33(b), respectively, indicates that the leading-edge ice
formations sre quite shilsr; the difference in drag coefficient
(36 percent sfter 21min) can, therefore, be attributed to the sfterbody
frost formations.

Leading-edge section continuously heated. - Continuously heating
the leading-edge section and permitting frost to accummnilateon the
afterbody can result in an extremely rapid initial increase in drag
coefficient at high rates of water catch (fig. 31). Such a condition
may be encountered during tske-off and clbib in cold climates. At an
angle of attack of 2° with a high rate of water catch, m increase in
drag coefficient from 0.00785 to 0.0132 (68 percent) occurred within
1 minute titer icing st=ted. Photographs of the frost formations on
the sfterbody indicate that the initial drag increase was causedby
small pinhead frost deposits on both upper and lower surfaces of the
airfoil similsr to the froet shown in figure 26(a). At the end of
25 minutes in the same icing condition, the drag coefficient had reached
0.0235, an increase of almost 200 percent over the bare airfoil drag
value. Photo~aphs of this icing condition (fig. 32) indicate runback
icing similar to that shown in figure 11 in addition to the afterbody
frost. For am icing period of 15 minutes, the drag coefficient was about
70 percent greater with frost then without frost formations on the after-
body. It is apparent that the difference in drag values again is caused
by the sfterbody frost formations. After 25 minutes in the icing condi-
tion at an mgle of 2°, the angle of attack was changed to 8° with a con-
sequent rise in drag coefficient from 0.0235 to 0.0274 (fig. 31).
Although the afterbody sumfaces were covered with frost and the drag
coefficient was high, the increase in drag coefficient as the angle of
attack was increased was of the ssme order as the drag increase shown in
figure 10 for similsr conditions without afterbody frost formations.

At an angle of attack of 8°, a 53-percent rise in drag coefficient
occurred within 3 minutes after the stsrt of the icing condition. A
peak value of drag coefficient, 0.0251, was obtained for this condition
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after 3($ minutes in the icing condition. Typical runback icing and

afterbody frost formations at an 8° angle of attack are shown in fig-
ure 33. With a reduced water catch, the tiag coefficient at a 5° angle
of attack with practically no runback icing did not increaee as rapidly
as at 2° and 8° angles of attack. A peak value of 0.0143 (51-percent
increase from initial bare airfoil drag), obtained sfter 41 minutes in
the icing condition, was completely attributable to frost formations on
the afterbody (fig. 34). Cessation of the water spray cloud in the
tunnel results in gradual removal of the frost formation by wind forces,
and to some extent by sublimation, with a consequent decrease in drag
coefficient from the peak value.

Leading-edge section cyclically de-iced. - With the leading-edge
section intermittently heated as in cyclic operation of the de-icing
equipment, frost formations on the afterbody again caused a rapid initial
rise in drag coefficient (fig. 35). At a 5° angle of attack and a
liquid-water content of 0.6 ~anper cubic meter, the drag coefficient
with a datum air temperature of 0° F increased from 0.0089 to 0.0123
(38 percent) in 2 minutes. This increase in drag coefficient was caused
by frost formations on both airfoil surfaces and by leading-edge ice
formations. At a datum air temperature of 25° F and a lower rate of
water catch, the increase in drag coefficient at a 5° angle of attack
was a~proxhately 60 percent of that incurred at 0° F datum air tempera-
ture.

With a high rate of water catch and a datum air temperature of O0 F,
the drag coefficient increased from 0.0089 to 0.0139 (56 percent) in
2 minutes, the latter value being attained after shedding of the leading-
edge ice formation. The drag coefficient became somewhat stable at about
0.0158 as the time in icing was continued, and intermittent shedding of
the leading-edge section had very little effect on the drag coefficient
(fig. 36). For this particular run the upper surface remained unusually
clear of frost. After a total time of 40 minutes in thie icing condi-
tion, the angle of attack was changed from 5° to 8° during a heat-off
period and the study was continued at the latter angle. In the first
three cycles after the change in angle of attack to 8°, the ice on the
lower surface was not completely shed. Photographs of the incomplete
ice removal are shown in figure 37 together with a close-up of the frost
formation on the afterbody. Although there was a marked reduction in
drag coefficient at 8° angle of attack after each shedding cycle
(fig. 35), the -trendof drag coefficient was generally upwsrd, reaching
a peak value of 0.0218, which after ice shedding was reduced to 0.0194.
It is apparent, therefore, that airfoil afterbody frost formations cause
severe drag increases that cannot be appreciably reduced by use of cur-
rent icing-~rotection 6ystems.
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In ‘polarregions, sublimation frost accumulating on p.rked aircrsft
may be removed by variouE techniques before take-off; however, atmos-
pheric conditions often occur whereby the aircraft again becomes coated.
with frost during the short period of taxiing and take-off. Such for-
mations of frost have resulted in accidents in Alaska during World
War II.

A brief study was made in the icing resesrch tunnel of the effect
+
4 of a sublimation frost on the drag of an airfoil. This study indicated
F
N that the drag may increase as much as 300 percent over the bare airfoil

drag value. This increase in drag was ,obtainedat an 8° angle of attack,
an airspeed of 100 miles per hour, and a datum air temperature in the
range of -25° to -8° F. A photoaaph of the i?rostformations causing
this increase in drag is shovn in figure 38. This drag increase must be
considered conservative, because only the upper half-span of the airfoil
model was covered with frost. Hence the momentum loss in the wake
(measured at the center of the model span) did not measure the full drag
change of the frost-covered section of the airfoil. The amount of frost
shown in fi~e 38 was accumulated in about 5 minutes. The growth of
the leading-edge frost formation was probably caused by a combination of
frost and small condensation droplets, and close examimtion showed the
microstructure of the formation to be very brittle and crystalline.

y
~ In addition to the large drag losses measmed for a frost-covered

airfoil, momentum wake considerations indicate that stalling character-
istics of the airfoil have developed at low angles of attack, and the
hazsrd of stalling at take-off is thereby introduced.

General -commentson effect of frost on airfoil drag. - In general,
frost formations over the entire a~~ofl (su~l~tiOn frost) or over the
surfaces aft of the beatable sxeas cause a severe,drag increase and at
high angles of attack are accompsmied by shifts in the position of the
momentum wake which indicate a loss in lfft and possible stall. Con-

-. ventional heating systems (continuous or cyclic de-icing) do not remove
a sufficient amount of frost to permit safe operation of the airfoil at
high angles of attack where loss in lift is critical.

Correlation of Drag Caused by Icing

Caused by Frotubersnces

with Drag

The data presented herein are necessarily limited to specific operat-
ing and icing conditions; consequently, it is highly desirable to be
able to extend the drag data associated with ice formations by compara-
tive means. Reexamination of the aerodynamic effects of protuberances
(fig. 39) at various positions on an airfoil (ref. 4) together with the
effects of ice formations presented herein indicates that a lsrge part
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.
of the data in reference 4 is directly applicable for estimating the
effect of ice formations on airfoil characteristics. From reference 4
it is apparent that protuberemces near the stagnation region for low
angles of attack do not greatly change the airfoil characteristics. A
protuberemce such as a mushroom-type ice formation (fig. 2(c)) i8, Of
course, an exception. Reference 4 indicates that protuberances on the
lower surface generally do not seriously affect the airfoil drag unless
the protubersmce i~ very large, as is also shown in the icing drag
studies. Although the airfoil drag is affected in vsrying degrees by
protuber=ces on the upper surface for all amgles of attack, the most
serious effects are obtained when the prottierances are nesr the leading
edge, as was demonstrated by the serious drag increases caused by the
leading-edge ice formations during the heat-off period of a cyclic
de-icing system under conditions of high rates of water catch end high
datum air temperature (figs. 21 to 24). The mushroom-type leading-edge
ice formation and runback icing that forms in spanwise ridges can be
represented by the spoiler protuberance of reference 4 (fig. 39(a)). A
smoother, sheet-t~e runback ice formation can be represented by the
faired protuberance (fig. 39(b)) used in reference 4. Such a faired
protuberance generally does not affect the drag of an airfoil seriously
except if located near the stagnation region on the upper surface of the
airfoil. A protuberance located at a specific point on the lower sur-
face will generally have a smaller percentage effect on drag as the angle
of attack is increased.

The data in reference 4 are directly applicable only to an NACA 0012
airfoil section and should not be applied to airfoils of thickness ratios
greatly different from 12 percent. Because, however, the Tresent airfoil
model is of 12-percent thickness, the magnitude and trend of the aerody-
namic changes caused by the protuberances of reference 4 sre belieVed to
be generally similar to those expected for an NACA 651-212 airfoil section.

On the basis of this assumption, some of the data presented in reference 4
are replotted in figure 40 in terms of the percentage of drag increase as
a function of protuberance height for the subject airfoil for tlwee chord
stations and three angles of attack. In addition to these data, limited
data on a faired protuberance of 0.5-inch thickness (fig. 39(b)) indicate
that a small increase of 0.0005 to 0.001 (6 to 10 percent .ofbare airfoil
drag coefficient) may occur in the drag coefficient over the range of
chord staticns and angles of attack shown in figure 40. At the stagnation
region, data for a spoiler protuberance faired on the downstream side
(fig. 39(c)) indicated marked drag reduction as compared with an unfaired
protuberance.

By discriminating use of the data of figure 40, reference 4, and
the preceding discussion, the drag-coefficient change caused by ice for-
mations can be estimated. However, the data presented herein and in
reference 4 we limited in scope and all ice formations cannot be repre-
sented adequately by the simple protuberances investigated, especially
those ice
estimates

formations near the leading edge. In these cases only rough
of the effect of such ice formations can be made.

—
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For the runback ice formations shown in figures n(c) emd (d) nesr
the 12-percent-chord station, the height of the ice formations on both
the s-refacestiter 20 minutes of icing is estimated at between 1/8
and 3/16 inch. According to figure 40(c), this protuberance height
should result in a drag increase of about 28 percent for each forution,
or a total of 56,percent. On the upper surface, however, the ice for-
mation is more nearly represented by a fatied protfier~ce for which the
drag increase smounts to about 6 percent (ref. 4). The total estimated
drag increase would therefore be approximately 34 percent. The measured
increase in drag for the ice formations in figure llwas approximately
29 Tercent, which agrees satisfactorily with the estimated value.

In figures 21(c) and (e) the predominant ice formations we located
at the leading edge of the ~per surface and at about 13 percent of
chdrd on the lower surface. Although there is an ice formation near
3 percent of chord on the lower surface, the effect ot such a protuber-
ance is overshadowed by the greater formation at 13 percent of chord.
An estimate of the leading-edge ice from figmes 21(c) and (e) indi-
cates a thickness of about 1/2 inch, with the average thickness on the
lower surface at 13 percent of chord about the same. By use of fig-
ures 40(a) and (c), the estimated drag-coefficient increase is about
101 percent compsred with a measured increase in drag of 96 percent.
For figure 21(d) much of the ice has been removed titer the heating
period, and the average ice thickness nesx the center span of the airfoil
at 13 percent of chord is about 1/4 inch. Only thin faired runback
streaks were evident on the upper surface, with a maximum thiclmess of
about 0.1 inch which, according to reference 4 and stistantiated by the
drag measurements reported herein, cam be neglected for drag evaluations.
The total drag increase for this runback icing is estimated from fig-
ure 40(c) to be 46 percent compared with the measured increase in drag
of 37 percent.

The forego~ examples were selected to illustrate the degree to
which the effect of ice formations on airfoil drag characteristics can
be estimated. No such close agreement between estkted and measured
increases in drag coefficient can be made for the dangerous ice forma-
tions occurring between 1 and 5 percent of chord on the airfoil upper
surface without additional data similar to those presented in refer-
ence 4. The estimted drag values will usually tend to be high, because
the ice formations are generally more faired and discontinuous than the
protuber~ces used in reference 4.

Effect of Ice Formations on Lift and.llomentCoefficients

The results of reference 4 show that protuberances on the lower sur-
face do not ~eatly affect the slope of the lift curve or the maximum
lift; in fact, these prottierances may even increase the lift slightly.
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At low angles of attack, protuberances on the upper surface tend to
decrease the lift slightly. At high angles of attack, however, Protu-
berances on the upper surface have detrimental effects on the lift curve
slope and the maximum lift coefficient, especially when the protuberance
is located near the leading-edge radius region. According to refer-
ence 4, the effect of protuberances at a specific location on the air-
foil upper surface_is generally to decrease the maximum lift coefficient
nesrly proportionally to the protuberance height; however, protuberances
,near the leading edge cause disproportionately lsrge decreases in lift.
Although the change in lift coefficient due to ice formations could not
be established, the shift in the mo’inentumwake behind the airfoil (dis-
cussed previously) provided a good indication of a large change in lift
and an approach to an airfoil stall condition. Such indications of
stall were usually caused by large mushroom-t~e ice formations, heavy
runback icing, or frost on the airfoil upper surface at the leading-edge
radius region. In the absence of more exact corroborative data, it
would appear that changes in lift due to ice formations can be estimated
from reference 4.

In general, the effect of protuberances and hence ice formations on
the moment coefficient appesrs to be negligible except for large ice
prottierances on the upper surface forward of the maximum thickness
location of the airfoil. Large protuberances, especially near the lead-
ing edge, cause a more negative slope and a sharp break in the moment-
coefficient curve (ref. 4).

Significance of Results

In the interpretation of the significance of the data presented in
the preceding sections, consideration must be taken of the probability,
frequency, and duration of encountering icing conditions that would
cause serious increases in drag and losses in lift during flight. For
example, the data for a condition of high rate of water catch and high
datum air te~erature indicate large drag increases at high angles of
attack; however, such an attitude is generally of short duration for
the aircraft and occurs primsrily during the initial take-off or the
final let-down stages. On the other hand, a condi~ion of high rate of
water catch and high datum air temperature at a low angle of attack may
occur relatively frequently for jet-powered fighter or bomber aircrsfk;
consequently, this icing and operating condition may be of much greater
interest with respect to drag changes m“d aircraft performance.

With the possibility of frost formations on airfoil afterbodies in
flight assumed negligible, it would appear that low rates of water catch -
generally obtainedby a coribinationof small droplets, average liquid-
water content, low subsonic airspeeds, and large airfoil chords and
thictiesses - do not seriously affect the airfoil drag characteristics.
For these same conditions of low water catch, cyclic de-icing of the
leading-edge section does not improve the drag characteristics of the
airfoil, principally because the airfoil drag is not seriously affected

Xl
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by the primary leading-edge ice formations (fig. 15). The formatio~ of
runback ice tit of the heated areas, caused by either a cyclic de-icing

. system or a continuously heated system which does not evaporate all the
impinging water, therefore constitutes the major means of incurring a
drag penalty. These drag penalties are, however, of small mgnitude
over the normal range of icing conditions generally encountered by jet
aircraft in flight, and the loss in lift associated with these drag
penalties is negligible (refs. 4 and 5). It appesrs, therefore, that

2 for large airfoil chords and for thicknesses of the same magnitude as

: the airfoil.studied, no icing protection is reqtired for a condition of
low rate of water catch and streamlined ice formation.

It shouldbe noted that these comnents apply specifically to the
12-percent-thick airfoil section investigated. Use of smaller chord or
thinner airfoils will result in higher and mcme rapid drag-coefficient
increases and possibly a more serious deterioration in lift for compar-
able ice formations. The initial drag coefficient of the bare airfoil
was in the range generally associated with standsrd roughness, for
which some surface waviness, dustiness, and protective coating may be
present. It is believed that if a completely clean and aerodynamically
smooth airfoil were exposed to icing conditions, the drag coefficient
would quickly rise, especially in the low-drag range, by as much as
100 percent to approach the initial drag coefficients reported herein
for the bsre airfoil. Thereafter ice formations of the streamlined
type would contribute no appreciable drag increase.

A mushroom-type glaze-ice formation resulting from icing encounters
with coribinationsof high liqgid-water content, large droplet size, high
airspeed, and high datum air temperatures will cause large and rapid
increases in drag for which most aircrslt may require protection. From
the data presented in figures 20 and 25 it is appsrent that an airfoil
equip~ed with a cyclic de-icing system is most susceptible to drag pen-
alties at high angles of attack and durhg approach operation. It iS
therefore essential that high angles of attackbe avoided if a heavy
deposit of mushroom-type glaze ice has been incurred on the leading edge.
Proper operation of the aircraft, by shedding of heavy leading-edge ice
formations before assuming an approach attitude, should minimize the
danger of stalling the airfoil.

Runback ice formations on the lower surface increase the drag some-
what but do not appear to affect seriously the airfoil aerodynamic
characteristics. If the upper surface of an airfoil is stibjectto little
or no runback icing and the lower surface is permitted to accumulate run-
back icing, a substantial reduction in heating requirements over those
calculated in reference 1 cam be achieved. Thus, the use of a continuous
heating system might be efiended to protect high-altitude, high-speed,
turboset-powered aircraft without the large performance penalties indi-
cated in reference 1 for a system designed to evaporate all.the impinging
water.
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For certain types of aircraft that need only penetrate a stratus
cloud layer immediately after take-off and are capable of rapid descent
through such a cloud layer, the magnitude of the ice formation accumu-
lated during the flight through the layer may not seriously affect the
aircrsf’tperformance. Upon ascent, the ice formations may decrease by
stilimation at high altitude em.dhigh speed at rates up to 1 inch of
thickness per hour, Should the expected accumulation of ice formations
on em airfoil during descent prove incompatible with the aircraft per-
formance specifications, an icing-protection system maybe included that
is designed to operate only for low-speed let-down conditions. Such an
icing-protection system could o~erate either cyclically or continuously
with a relatively low heating requirement.

The icing of an aircraft in flying through a cumulus cloud at high
altitude should not prove excessively detrimental to aircraft perform-
ance, because the aircrsft till in all probability be at a low angle of
attack, a flight condition not conducive to lsrge changes in airfoil
performance characteristics.

Although the possibility exists of forming frost on aircraft sur-
faces during flight, the probability of such an occurrence appesrs to be
quite remote. Frost formations during ground operation, however, are
quite cormnonin cold climates and, with respect to the drag losses
associated with such formations on airfoil surfaces, merit attention.
The use of a conventional thermal icing-protection system to remove
frost from the leading-edge region of an airfoil will not provide suffi-
cient protection to ensure a safe take-off. It is, therefore, necesssry
in all-weather operation to provide additional protection from frost for
the aircraft while on the ground, such as sheltering the wings and
empennage surfaces with heated covers, tents, or hangers.

SUMMARY OF RESUZTS

The results of an investigation of the effects of ice and frost
formations on the drag of an NACA 651-212 airfoil section may be sum-

marized as follows:

1. At high angles of attack (80), a prohibitive increase in drag
coefficient of approximately 70 percent was obtained within 2 minutes
when ice formed on the upper surface nem the leading edge of the airfoil
under conditions of heavy glaze icing (hi@ rate of water catch and high
datum air temperatures).

2. Relatively small formations of glaze icing (low rates of water
catch and high datum air temperature) increased the drag coefficient of
the airfoil over the range of conditions studied by less than 27 percent .

following a 30-minute icing period, except for simulated landing
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approaches. Rime-ice formtions associated with lower air temperatures
did not increase the airfoil drag coefficient appreciably above the
initial (standsxd roughness) level, even with high rates of water catch.

3. A glaze-ice formation on the leading-edge section for a simulated
approach condition, during which the airfoil attitude is increased from
2° to 8° angle of attack, caused a severe increase in &ag coefficient
of over 285 percent over the bare airfoil drag at 8° angle of attack and
was accompanied by a shift in the position of the momentum wake that
indicated incipient stalling of the airfoil.

4. Runback icing on the lower surface obtained with the use of a
continuous heating system that does not evaporate all.the impinging
water caused moderate drag increases only when a spanwise ridge of ice
was formed aft of the heatable srea.

5. Removal of the primary ice forma.tionGby cyclic de-icing caused
the drag to return almost to the bare airfoil drag coefficient, except
for the drag caused by runback ice formations. In general, runback
icing with a cyclic de-icing system increased the drag less than did
runback icing incurred in similar conditions with a continuous heating
system that only evaporated approximately 28 to 44 percent of the
@P@@ water.

6. Frost formations on the airfoil surfaces caused a lerge and
rapid increase in the drag coefficient and at high amgles of attack (8°)
were accompsaied by incipient stalling of the airfoil..

Lewis Flight Propulsion Laboratory
National Advisory Co?nnitteefor Aeronautics

Clevelsad, Ohio
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(a) Icing the, llminutee. (b) Icing the, 19 minutes.
Drag coefficient,0.03928. Drag coefficient,0.00934.
Lower surface, IOwer suYTace.

(c) Icing time, 31 minutes,
Drag coefficient,0.00964.

_ (d) Ioi~t~e,31minutes,
C-31279 Drag coefficient,0,C0964,

Upper surface. Lower surfaoe.

Xigure 4. - Typical rhe-ice formtions on unheatedairfoil leading-edgesectionat 2° angle
of attack. ~speed, 260 miles per hour; datum air temperature 0° F; liqtid-waterCOn-

tent, 0.65 gram par cubicmeter; initialdrag coefficient,0.00~9s
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(a) Ichgtlme, 7 minutes. (b) Icing thne, 23 minutes.
Drag coefficient,0.0142. Drag coefficient,0,0137.

----

3*– -z..

—.----. s
.-

— ‘+

* .< =s=
C.31281

(c) Icing the, 31~ minutea.

Drag coefficient,0.0L38.

Figure 6. - Typical rtie-iceformationsonlowersurfaceof unheatedairfoillead@-e&ge
seotlon at 8° angle of attack. Airspeed, 260 miles-perhour; datm air temperature,
Oo F; liquid-watercontent,0.55 gram per cubicmeter; Initialdrag coefficient,
0.0137.
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(a) Icing the, 7 minutes. Drag (b) Icin@ time, 20 minutes. Drag
coefficient,0.0102. Lower surface. coefficient,0.0128. Lower surface.

1
\.-,

(c) Icing time, 30 minutea. Drag c-31283’(d)Icing time, 30mfnutea. Crag
coefficient,0.0113. Lower surface. coefficient,0.0113. Upper surface.

Figure 7. - Typical glaze-iceformationswith low rate of water catch on reheatedairfoil
leading-edgeeectionat 5° angle of attack. Airspeed, 260 miles Per hour; ~t~ air
temperature,2N F; liluid-watercontentj0.52- ~r cubicmet% ~Ltial~g
coefficient,0.~904.
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(a) Icing time, 4mlnutes. (b) Icing time, 14 minutes,
Dn3g ooefflclent,0,0E53. Drag c~ffioient, 0.0134.

Figure 8. - Typical gbze-toe foms.tlonawith low rate of water oatch on lower surfaoeof
unheatedairfoil leadimg-edgeeectlonat 8° angle of attaok. Airspeed, 260 miles per
hour; datum alr tempemture, 25° F; Mquid-water content,0.52 gram per cubic meter; .
inltlaltig ooeffiolent,0.0126.
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Air8peed,Datumairl Ang!e L!quid-lHeat’imput~ Hea!,supplled
— qh tempera- Of water Btu/(hr) aHeat required’-

ture, attack, content,
OF

(ft span) percent
deg g/cu m

—
o ‘260 25 5 0.63 4,300 33 —
❑ 260 25 8 .63 5,850 45
0 260 25 8 .63 4,500 34
A 260 0 5 .71 11,200 33
v 260 0 5 .53 7,000 28
P 260 25 8 1.05 7,300 33
4 180 0 2 1.43 14,000 44
v 180 0 8 1.40 14,000 44

impinging water.

increased2° to 8°

0 5 10 15 20 25 30

Icing time, min

Figure 10. - Effect of runback icing on drag coefficient as function of
time In icing with leading-edge section continuously heated and no
afterbody frost formations.
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(a) Icing time, 5 minutes. Drag
coefficient,0.00S+09. Lower surface.

(b) Icing time, 10 minutes. Drag
coefficient,0.0098. Upper surface.

(c) Icing the, 15mlnutes. Drag
coefficient,0.0103. tier surface.

(d) Icfng time, 20 minutes. Drag C-31286
coefficient,0.0UL3, Upper surface.

Figure 11. - Typical runback icing with high rate of water catch on airfoil at 2° angle
of attack with leading-edgesection continuo~ly heated. Alrapaed, 180 milee per hour;
datum air temperature,0° F; liquid-water~ntent, appro-tely 1.4 gems per cubic
meter; initialdrag coefficient,0.~88.
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(a) Ic@ time, $minutes.

DW coefficient,O.O1O5.
Upyer eurface.

!
I
i-=%=
I C-31287

(c) Icing time, 14~minutee.

Dmg coefficient,0.0131,
Upper surface.

Figure 12. - ~ical runback icing with low rate of water catch on airfoil at 5° angle of
attack wfth leadlng-ecigeseotloncontinuouslyheaie&. Airepaed,260 miles per hour; datum
air temperature,25° F; liqul&-watercontent,0.63 gram per cubicmeter; initialdrag
coefficient,0.00943.
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(b) Icing time, ll~mlnutea,

Drag coefficient,0.0122.
Lower surface.
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(8)Iotng time, 15#minutet3.
Dragooeffloient,0.0144.
Upperautfaoe.

(b)Icing time, l+minutes.
Dmg coefficient,0.0144.
Lower mmface.

C-31288

(c) Icing time, 22mhutes.
Drag coefficient,0.0146.
Lower surface.

Figure 13. - Typice?lrunback icing with low rate of water catch on airfoil at 8° angle of
attack with lea&ing-edgesection continuouslyheated. Airspeed, 260 miles pr hour;
datum air temperature,25° F; liquid-watercontent,0.63 gram per cubic meter; initial
drag coefficient,0.0129.
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(a) Icing time, 29 minutes. Drag
coefficient,0,0217, Upper surface.

(c) Icing time, 40 minutea. Drag
coefficient,0,0175, UppGr surface.

Figure 14. - Typical runback icingwith higl rate of ~ter catch on airfoil at 8° angle of
attack with leadimg-etiesection cmt~uo~lY heated. Airspeed, 260 miles per hour;

datmn air tempemture, 250 y; liq~id-~ter content, 1.05 grams per cubicmeter; ~itial

drag coefficient,0.0129.

~b) Icing time, Z9~minutes.
‘:Dragcoefficient,0.0217,
Lcwar stiaoe.

WE=
C.31289
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Airspeed, Datuma& Angle Liquid-
mph tempera- Of water

ture, attack, content,
% deg g/cu m

260 26 2 0.60
: 180 25 8 .57
A 250 0 2 .57
A 250 0 8 .57
L 250 0 5 .75
K 250 0 8 .75
v 260 0 8 .58 1

-———Average bare airfoil drag at 8° angle of attack
Solid Bymbola indicate ice removal

I [
d

Angle of attack
increased 2° to 8° Incomplete removal

on lower surface

\
Angle of attack

I_2-minute

A.
icing period

L

9
L

10 20 30 40 50 60

Icing time, min

Figure 15. - Effect of streamlined ice formtions on drag coefficient as
function of time in icing with leading-edge section cyclically de-iced
and no afterbody frost formation.
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(a) Icing time, 13?jmlWteE. (b) Icing the, l+mlnutes.
Dragcoefficient,0.0091. Dragcoefficient,0.0088.
&fore iceremoval. titericeremoval.

N
-1
tP
t+

.

.

Figure 16. - Typical glaze-iceformationswith low rate of water catch on lower surf’aceof
cyclicallyde-icedairfoil leading-edgesectionat 2° angle of attack, Airspeed, 260
miles per hour; datum air temwrature, 26° F; llquld-watercontent,0.60 m Pr cublo
meter; Initialdrag coefflclent,0.008?6; icing period,approxhately 260 seconds;
beat-on pericd, 15 seconds.
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(a) Ic% time, 9 mtitee. Dmg ree- f(b) I.ing time, 14 mi.nute~. Drag

ficient, 0. CKh977. Iawer Htmfaca, coefficient, O ,0&322. ~per 8ur-

before ice removal. face, before ice re-1.

FQUr’e 17. - Typical rime and rwnbaok ioin,g formtiam with lcw rate @ mtar catoh on alr-

foll with oyol.imlly da-iced Iaadlug-eue section at, 2? angle d attaak. ,4ira~ed,

253 miles ~r hour; titum air tmpsu-ature, N F; l.i~uid-water content, 0.57 gram per

oubio tinter; inltlal &ag ccdflciant, 0. W303; idng p9rj.mi, appo~tely 260 second-a;

heat-cm Pried, 17 Beccmie.

C-31282
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.
(a) Icing time, 14 minutes. Drag coeffi- (b) Icing time, 14~mlnutes. Drag coeffi-
cient, 0.0110. Before ice removal. cient, 0.0106. After ice remoml.
IGlng period, approximately260 secomls.

(c) Icing the, 45 minutes. Itmg coeffi- (d) Icing time, 46 minutes. Dmg cmffi-
ctent, 0.0109. Before ice remo~al. oient, 0.0104. After Ice removal,
Icing”period,approximately720 aeconde.

C.31291

Figure 18, - Typical rime and runback icing fomatlcms with low rate of water catch on
lower eurfaceof airfoilwith cyclically&e-iced leading-edgesectionat 5° angle of
attack. Airspeed,250 miles per hour; datum air temperature,0°F; liquid-waterC~-
tent, 0.75 grm ger cubicmeter; initialdrag coefficient,0.0106; heat-on period,
17 seconds.
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(a) Icing time, 15 minutea.
Drag coefficient,0.0133.
&fore ice removal.

43

(b) Icing time, 1~ minutes.

Drag coefficient,0.0131.
After ice remo~al. =@=

Figure 19. - Typical rime and runbaok icing fomtions with low
lower surface of airfoil with cyclically&e-iced lea&ing-e&ge
attack. Airspeea, 260 miles per hour; datum air tempemture,
content,0.58 gra per cubic meter; initial drag coefficient,
approxhately 260 seconae;heat-on pried., 17 seconds.

C.31292

rate o.fwater catch on
sectionat 8° angle of
0° F; liquia-water
0.0141; icing period,
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o 260 25 2 1.40
180 23 5 1.25
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Solid symbols indicate ice removal I

Icing

Figure 20. - Effect of mushroom-type
cient as function of time in icing
and no afterbody frost formations.
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(a)Icingtime, +minutes. (b) Ioing time, ~ minutes.

Drag coefficient,0.0142. 2Drag coefficient, 0.00973.

Lawer surface,before ice lower surface,after ice

remova1. remova1.

=%=
C-31293

(c) Iolngtfie, 23 minutes.
Drag.coefficient,0,0164.
Lower sur?ace,before ice
removal.

Figure 21. - Ty_pioalhea~ @3Ze-icefonnations on airfoil with oyclioall.yde-iced
leading-edgeBectionat 2° mgle of attaok. Airspeed, 260 miles per hour; datum
air tempraturej 25° F; liquid-wateroontent, 1.4 gram per cubic meter; initial
tiag @efficient, 0.0Q835; icing period, appro~tely 260 seconds;heat-on period,
15 seconds.
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(d) Icing time, 23+mtiutes. (e) Icing time, 27$miIIUteS. ~

Drag coefficient,0oo114. Drag coefficient,0.0159. C-31294
IOwer surface, after f.m Upper aurfaw, before ice

remom 1. remow.1.

Figure 21. - Concluded. Ty_picalheavy glaze-icefo?.mationeon airfoilwith oycli.cal~
de-iced leading-edgesectionat 2° angle of attack. Airspeed, 260 miles per hour;

titum air temperature,25° F; liq~d-~ter content?1“4 -s Per cubic‘ter; ‘tial
drag coefficient,0.00835;fc@ perlod~ appro~telY 260 seo~ds; heat-on Period)
15 seconds.
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(a) Icing time, 5 minutes.
Drag coefficient,0.0129.
Eefora ice removal.

(b) Icing ttie, 6 tinutes.
Drag coefficient,0.0111.
M’ter ice removal.

=5$=
C-31295

(c)Icing time, 16 minutea.
Imag coefficient,0.0119.
After ice removal.

Figure 22. - T~i~l glaze-iceformatiom on lower mrfaoe of airfoil with cyclically
de-iced leading-edgesectionat 5° angle of attack. Airspeed, 180 miles Pr how;

tit~ air tem~mture, 230 j?;liquid-wter content, 1.25 gramB per cubic meter;
~tial ~ coefficient,0.C0956; icing wriod, a~NmteQ 260 seco~; h~t-~
perio+i,16 secomia.
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(a) Icing time, 9 minutes, Drag
coefficient,0.0240, Upper auc-
face, before Ioe remo~l.

.

.

(b) Ioing time, 23 minutes. DraR
_coeffiaient,’0.0135. Up~r sti-
face, after Ice remonl.

.

.

1
(d) Ioing time, 272 minutes.

Dmg coefficient,0,0135, Lower
.9uMace,after ice removal.

-=@=

C-31296

Figure 23. - Typical glaze-iceformationson airfoilwith cyclicallyde-iced leading-edge
sectionat 8° angle of attack. Airepeed, 260 miles per hour; datum air temperature,
25° F; liquid-watercontent,1.0 sam -percubic rnetjer; initialdrag coefficient,0.0L30;
Icing ]erlod, appro~tely 260 seconds;heat-on period, 17 eeconde.

(c) Icing time, 27mlnutes. Dmg
coefficient,0,0217. Lower sw-
face, before ioe remoml.
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(a) Ic~ time, 16 mlnutefl.
Drag coefficient,0.0237.
E&?ore ice ~o~l.

(b) lC@ th, + tiU%S.

Wag ooefficient,0.0153.
After ioe removal.

v
C-31297

Figure 24. - T~ioal heavy rld-ge-tw runback icing on lower surface of airfoil with
cycll.oallyde-iced leading-edge section at 8° angle of attack.AirsYeed,180miles
per hour; datum ah temperature,2+ F; liquid-watercontent,1.25 P pr cubio
meter; initial drag coefficient,0.0121; icing period, appro-tely 260 seoonds;
heat-on pried, 15 Eeconds.
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Figure 25. - Drag penalties associatedwith ch~e in angle of attack (Simulatinge
landing approach condition)during icing period of airfoil with cyclic de-icing
system. Mtum air temperate, approximately256 F; icing period, approximately
260 seconds;heat-on period, 15 seconds.
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(a)Icing time, 4 minutes.Drag
ooefficlent,0.0148.Leadlng-
eue lowersurface.

*

(b) Ioing the, 8 minutes. Drag
coefficient,0.0204. Iaadfng-
edge upper surfaoe.

=5=
C-31299

(c) Icing time, 10 minutes. Drag ‘(L) Icing the, 12 minutes.
coefficient,0.0226. L.9ailng- Drag coefficient,0.0235.
edge lower surface. I.awer-suMao-afrost on

cm.u~rtment2.

Figure 28. - Typical glaze-ioeand frost formationstith high rate of water oatoh on
umheatedairfoil at 5° angle of attack. Airspeed, 180 miles per how; datma air tem-
perature,25° F; liquid-watercadent, 1.4 gram per cubic meter; initialdxag coeffi-
cient, 0.CQ958.
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(a)Ic@ttme, 4mlnutes. Drag coefficient,
0.0120. L.9adlng-edgelower Burface,

(b) Icing ttie, 10 minutes. Dmg coefficient,
o.o133. Leading-edgelower surface.
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T
C-31300

N

2
A

(c) Icing time, 13 minutes. Drag coeffi-
cient, 0.0144. Ieadlng-edge uppr surface.

(d) Icing the, 16min-” (e)’Icing time, 25mln-
utea. Drag aceffi- utea. Drag coeffi-
cient, 0.0154, h3wer- cient, 0,0178. LcwEr-
eurface frost ~n eurf’acefrost on
compartment 2. com~rtment 2.

Figure 29. - Tj_picalice and frost formationswith
foil at 5° angle of attack. Airspeed, 180 miles
liquid-watercontent,0.53 gram per cubic meter;

low rate of water catch on unheated air- e
p9~_hour; datum air temperature, 22° F;
initialdrag coefflclent,0.00911.

.



, ,
2744

.

N
m
m
N

(a) IoinK th, 8 minutes. DIW! ~eff~- (b) Ichw time, 21 minute,. Dra&’~ef-
Cient, 0.0166. L9ad..l.ng-edge ice. ficlent, 0.0187. Iad.ing-eige im.

i2. 31301

(0) Io!ng tl.m, 23 mlnutis. IM.g cz-affioient, 0,0195.

Frost fcu-mticm on afterkdy.

m.!gm 30. - Rium-icm A fiwst forumtlone m hwer mmfaoe of unheatad airfoil at 8° wle
of attaok. AirqYed, lW miles pm! hour; datum air tempemture, @ F; liquid-water cmn-

tent, 0.6$ grm per oublo meter; initial drag mafficient, 0,0114.
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Figure 31. - Variation of drag caueedby afterbodyfrost forma-
tions and runback icing as functionof time in icing with
leadingedge continuouslyheated. Airspeed,180 miles per
hour; datum air temperature,0° F.
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(a) Icing the, 1.3minutes. Drag coefficient,
0.017L lkad@+edge lower stiace.

.

i!
(b) Icing time, 17 minutes. Drag coefficient,
0.0172. Laading-edgeuppr surface.
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(c) Icing time, 21 minutes. Dmg coefficient,
0.0204. Lsadlng-e@e lower surface.

57

=s-
C. 31302

(d) Icing time, 21 minutes.
Lmrer-suface frost on
compartment3.

Figure 32. - Combinationrunback icing and afterbcdy frost fonnationE on a~oil at 2° angle
of attack. Airspeed, 180 miles per hour; datum air temperature,0° F; liquid-watercon-
tent, appro~tely 1.5 gains per cubicmeter; Initial drag coefficient, 0.W785; leadimg
edge continuously heated.
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(a) Icing tire, 1.5minutee. Drag caoffloient,

O.owa. Le-w3iw-edge lower euface.

(c) Iolng time, 30+ minutee. Drag ‘JOdfTCient, (b) Iolrw time, 15 minutes.

0.0251. -ding-edge upper 8urface. Lower surface frost on

~t 2.

(d) Icing time, 3+ mlnutee.

Lower-surfaoe fmet an

caqm-koent 2.

_ 33. - Runhck ioW ~ frost fo=tio~ On .aWoil tith leading-edgeaeotlon continuously heated at 80 angle of

a

N

attick. Alrspsea, VW IULIBB xmr bow; datum air temperatumj W Y; liquid-water content, 1.3 graum par ouhfc ~ter; ~

initial kg C.c#ficiant, o.o115. N

.
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(a)Icing time, 7~min-
utee. Drag coefficient,
0.0107. Lower-stiace
frost on com~rtment 2.

(b~ ~C~ time, 24 minutes. Drag coefficient,
. . Leading-edgelower surface.

(c) Icing the, 31 minutes. Drag coefficient,
0.0136. Upper-s@ace frost on com~rtments
3 and 4.

Figure 34. - Most formationson airfoil at 50 a.ni?leof attack. Alrsmed. 180 miles
hour; datm air temperature, 0° F: liqui?i-water-content.0.52 gram ‘mr ~ubic meter:

C-31304

per

initialdrag Coeffi;ientj0~00950~ -
, -.
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lete ice renmve.1..
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\
on lower surface
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a / ~ p
Airspeed, Datum air Angle Liquid-

mph teqpera- of water
ture, attack, content,
9 deg g/cu m

o 260 25 5 0.46
250 0 5 .80

:
4

260 0 5 1.40
260 0 8 1.40

Solfd qnmbols indicate ice removal
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Figure 35. - Drag coefficientsa~sociatedtith cyclicallyde-icedairfoilleading-
edge eectionand frostedafterbodyas function of time in icing.
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(a) To% tire, 7 minute~. ~ cOdfI.
(b) Io- time, .!3uLnutea. Inag ccwffi-

Cient, 0.0135. Im8r surfaca, befor6 Olent, o.ol.!z3. Iower am-face, after

ice removal. im mml.

(c) Icing the, 25 minute., Drag ocaf- =%= (a) IOlng *, 26 minute.. x o@f-

ficient, 0.0156. Upper ~to+’faoe, C-31305 fi.ient, 0.0145. UpNr s-urfaoe,

befara icm remmal. afber ise reimval.

F@re 36. - oYcwal~ de-i- lmmng-me d afterbdy frmt fomaticm for aMOIl at @ a~ M attick. ~MP~~

260 miles par hour; datum ah ‘wqemtm, 0° F; l-lqd~-+mter ~nt~t,, 1.4 grams pm cubio rater; Mtlal @ cO@fi-

oient, 0.00986; Iolng prlcd, apprcnlmtely 260 Bee-; beat-on time,’ lE aeoonb.
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minutes

mr cant

(a) Total tilw in ioing, 45 lnfrlute..
(b) Total tires in icing, 4: .Wt+a.

Ihmg cxmfficient, 0.0195. L9a&ing- Drag coefficient, 0.0174. L8ali.ng-

edge lover aurfa~, before ice mrm7al. eige lower .wrface, after ice Immmal.

(c) mtal time in icimJJ, 54 minutia. Drag

Cmeffioiant, 0.02CB. Ieadlng-eLge lower

s~am, before it-9 removal.

C-31306

Cyclically de-icai leding-wige ad afterbcxiy frost fonuations for airfoil at 8° angle of ati

I in Icing cxxditicm at W angle of attsck. Mrq&ed, 2643 mila E Pr hour; datm air tempsmtw

,entj 1.4 gram pr uuhic meter; initial drag mffioient, 0.03WO; icing perl~appmxlmtely

tack folloving

m, LW F; li@a-
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(d) Total time in icing, 54+ minutes. Drag

coefficient,0.0181. Lgading-eilgelower
.9Urface,after ice removal. Heat-on time,
25 seconds.

=S$q,, ~,a, ,@e ~ ,c@,(e) Total time in icing, 64 mhutes. Drag =,31307
wefflcient, 0.019.4.I_aading-eilgeupper 64 minutes. Luwer-stiaqe
flurface,after ice removal. East-on the, frost on ccm~rtment 2.
25 secomts.

Figure 37. - Concluded. Cyol.lcallyde-iced lea&ing-edgeand afterbcdyfrost fonoationfor
airfoil at 8° angle of attack following 40 minutes in icing conditionat 5° angle of
attack. Airspeed, 250 miles pr hour; datm air temp~ture, 0° F; liquid-watercon-
tent, 1.4 grams per cubicmeter; imltial drag coefficient,0.M886; icing perim.i,

. approximately260 seconds.
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C.31308

Figure 38, - Typical sublimation frost formation on lower surface of airfoil. Airspeed,
a proxfiately 100 miles per hour; datum air tempemture,
J

-25° to -8° i?;angle of attack,
; time in frosting condition,5 minutes.
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(a) Spoiler protuberance extending full span
of airfoil model.

(b) Faired protuberance
half-airfoil section.

approximating small

1

(c) Modified spoiler protuberance with
faired trailing section. -

Figure 39. - Sketch of protuberance types used in
reference 4 to determine airfoil section
character sties.
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/1 Angle of attack,
aeg
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❑ 5
0 8

50

Protuberance heighti,in.

(a) Protuberance location, O-percent-chord station.

Figure 40. - Percentage drag increase with protuberance height for several
angles of attack at three chord stations (ref. 4), (Spoiler protuberance,
fig. 39(a).)
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(b) Protuberance location, 5-percent+hoYd station.

Figure 40. - Continued. Percentage drag increase with protuberance height
for several angles of attack at three chord stations (ref. 4). (Spoiler
protuberance, fig. 39(a).)
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Angle of Surface
attack,
deg

o 2 Lower
dz upper
❑ 5 Lower
n’s Upper

>

Lower
2:

4

Upper / /

1

.2 .4 .6 .8 1.0 1.2
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(c) Protuberancelocation,15-percent-ohordstation.

Figure 40. - Concluded. Percentage drag increase with protuberance
height for several angles of attack at three chord stations (ref. 4).
(Spoiler protuberance, fig. 39(a).)
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